This study investigated the efficacy of a POU water treatment system featuring sari-cloth filtration and/ or Moringa oleifera coagulation as pre-treatments for solar disinfection (SODIS). Surface water from a peri-urban slum in Chennai, India, was treated and analysed for turbidity, organic content via chemical oxygen demand (COD) and microbiological quality via most probable number (MPN) enumeration of total coliforms. Pre-treatment with both moringa coagulation and sari-cloth filtration significantly improved the turbidity of raw water compared to no pre-treatment controls (P ¼ 0.0002). Optimal moringa coagulation did not outperform sari-cloth filtration (P ¼ 0.06), but combining optimal moringa coagulation with sari-cloth filtration significantly outperformed either pre-treatment independently with respect to turbidity (P ¼ 0.016 and P ¼ 0.0001, respectively). The addition of moringa was found to increase COD in treated water, with greater doses of moringa resulting in higher COD levels (P ¼ 0.04).
INTRODUCTION
Throughout the global south, people living in rural areas and peri-urban slums are often forced to rely upon contaminated surface water as their primary drinking water source, resulting in significant burdens of water-related disease. Point-of-use (POU) water treatment technologies have been shown to improve the quality of drinking water at the household level and can achieve rapid health gains amongst marginalized populations (Fewtrell et al. ) . A range of water treatment options is available for applications at both the household and community level (Sobsey ) . Sustainable options are those that meet local capabilities in terms of materials and resources, encourage local participation and are flexible, adaptable and socio-culturally appropriate (Murphy et al. ) .
Opportunities and challenges with solar disinfection (SODIS)
Solar disinfection (SODIS) is one of the simplest and most cost-effective methods for improving the microbiological quality of drinking water currently available. NGOs and researchers have implemented several SODIS projects to demonstrate its effectiveness in the Indian context -from rural areas in the north-eastern state of Assam (Gupta ) , to urban slums in Sikkim (Rai et al. ) , in small towns of the south in Vellore (Rose et al. ) and in the megalopolises of Mumbai (Fisher et al. ) and Chennai (Achuthan ) . SODIS can employ the effects of thermal and ultraviolet (UV) radiation treatment, inactivating up to 99.9% of waterborne pathogens (Wegelin et al. ; Hijnen et al. ) . However, SODIS may not be as effective against those bacterial species that are spore-forming, which can survive the inactivation process (Boyle et al. ) . By mimicking the thermal effects of the Nairobi sun, Joyce suggests that SODIS may not be able to sustain health benefits in the field in the long run. As a positive, compliance with SODIS is generally high. Socio-cultural factors also influence the regional applicability of moringa as a water treatment method in India.
While moringa grows widely throughout the country, its use varies between regions. In south India, the young moringa fruit ('drumstick') is widely used in local cuisine, whereas in north India it is not. For water purification purposes, mature seeds are required. In south India, much of the moringa crop is harvested early on for food purposes.
Because of this, mature seeds are hard to come by and may be expensive if they are available. In north India, the moringa fruit is not utilized as a food source, allowing the fruit and its seeds to reach maturity. Having few competing uses, moringa seeds are widely available and inexpensive in north India. For this reason, moringa coagulation may be more appropriate for POU safe water applications in north India than it may be in the south (Ali ).
Moringa coagulation has previously been assessed as a and other potentially harmful DBPs (Ghebremichael et al. ) . Given this chemistry, moringa coagulation is not a suitable pre-treatment for chemical disinfection; however, it may be an appropriate pre-treatment prior to UV disinfection, as UV irradiation is not known to induce DBP or taste and odour compound formation in the presence of organics.
Sari-cloth filtration: a second potential pre-treatment for SODIS
The present study also examines simple filtration with used cotton sari-cloth as a pre-treatment for SODIS. Cotton saricloth is a material that is available in almost every rural and urban household throughout South Asia (Huq et al. ) . It is commonly used to strain collected water in rural areas.
Though sari-cloth is specific to the South Asia region, the fil- This study assesses the efficacy of a multi-stage POU water treatment system combining sari-cloth filtration and/ or moringa coagulation with SODIS, using a contaminated surface water source taken from a peri-urban slum in Chennai, India. The suitability of sari-cloth filtration and/ or moringa coagulation as a pre-treatment for SODIS is addressed. Turbidity, organic content and microbiological quality of treated water were assessed at various stages and configurations of the proposed treatment system.
METHODS Setting
All research activities were conducted at the Environmental and Water Resources Engineering laboratories of the Indian
Institute of Technology Madras (IITM) in Chennai, India.
Water samples for this study were taken from a surface water body supplying a peri-urban slum (Mylai Balaji Nagar) in south Chennai, Tamil Nadu, India. The lake is a receiving body for run-off from surrounding neighbourhoods, and ongoing monitoring of the lake indicates that water quality is severely degraded with excessive levels of organics, turbidity and microbiological contamination (Ali & Philip ).
Study design
We obtained raw lake water and subjected it to three stages of A SODIS-only control was prepared by filling a 1-L bottle with raw source water and subjecting it to the SODIS stage only, without moringa coagulation or saricloth filtration (Figure 3) . Additionally, a sample of raw source water was collected at the end of the day and analysed as a no-treatment control. 
Data analysis
All data were compiled in Microsoft Excel and analysed with the Analysis Toolpak for statistical difference between means using the one-tailed (unless otherwise indicated) paired t-test with α ¼ 0.05.
RESULTS AND DISCUSSION
As several replicate experiments were conducted, each on a unique day, the influent water quality was found to vary from trial to trial. Mean values for the three key water quality parameters and associated standard deviations are given in Table 1 in order to contextualize the local water quality.
To account for the variability in influent water quality observed between trials, all analytical results were normal- tration-only control (Jar 1), sub-optimal moringa dose (Jar 2), optimal moringa dose (Jar 3) and supra-optimal dose (Jar 4).
indicated above each bar, and the error bars represent the standard error of the mean.
Turbidity reduction
Average turbidity reductions for each test jar, aggregated across all available replicate trials, are presented in Figure 4 .
The final turbidity levels after the multi-stage treatment process, with associated 95% confidence intervals are given in Table 2 .
In Figure 4 , at any given treatment stage, it can be seen that with each progressive increase in moringa dosage, there is a corresponding reduction in turbidity. As expected, when the moringa concentration exceeds its optimal dose, there is 
Effect on organic content (COD)
The aggregated effect of the treatment process on the organics in the water, as measured by COD, is presented in Figure 5 .
Final COD levels following the full treatment chain, with associated 95% confidence intervals, are given in Table 3 .
Some comments can be made about the broad trends seen in Figure 5 , albeit with the recognition that these are not statistically significant findings given the relatively high variability observed. COD levels appear to increase following the addition of moringa in the first stage of the treatment process. These levels remain relatively stable through the second sari-cloth filtration stage and then appear to decline following the final UV disinfection stage.
The observed increase in COD levels was expected, given the introduction of organic material with the moringa solution, and has been observed by other workers 1.14) (P ¼ 0.04, n ¼ 7). Extracting the seed oil and using only the press-cake for coagulation (which is as effective a coagulant) is one possible means to control the enrichment of organics in treated water (Lea ).
Effect on microbiological quality
The effect of the treatment process on the microbiological quality of the water was analysed with total coliform estimation using the MPN method. This method indicates the most probable number of total coliform bacteria per 100 ml of sample water. Aggregate results from replicate trials are presented in Figure 6 .
The final MPN levels for each of the moringa jars and controls, after all three stages of the treatment chain, are presented in Table 4 .
The lengths of the error bars in Figure 6 denote high levels of variability in the MPN data. Some comments may be made on the general trends observed in the means, with the recognition, however, that these trends were not found to be statistically significant. With each stage of treatment, there appears to be a progressive reduction in total coliform levels. Following the moringa coagulation stage there is an apparent decrease in the level of MPN for all moringa dosages, a slight decrease for most jars after saricloth filtration and then another decrease following UV treatment for all jars. As indicated in Table 4 , the four treatment jars reduced MPN levels to between 10 and 27% of the influent level. The optimal moringa coagulation and sari-cloth filtration pre-treatment (UV Jar 3 -RR: 0.13) did not appear to significantly outperform pre-treatment with sari-cloth filtration alone (UV Jar 1 -RR: 0.11) (P two-tail ¼ 0.41, n ¼ 3). Likewise, we cannot statistically conclude that either of the pre-treatments or their combined application had any effect on the microbiological content of the water with respect to the controls (P ≫ 0.05 for all UV jars against controls). It has previously been reported that SODIS is less effective when applied to turbid waters (SANDEC ).
Given that moringa and sari-cloth filtration were found to significantly improve turbidity, one would expect greater efficacy of SODIS as well with respect to MPN; however, the present data do not statistically support this conclusion.
An interesting As previously discussed, the application of moringa resulted in elevated COD levels ( Figure 5 ). In Figure 7 , regrowth of total coliform bacteria can be observed in those jars receiving some moringa, whereas Jar 1 -which does not receive any moringa -does not exhibit any re-growth,
suggesting that the addition of moringa may encourage bacterial re-growth in treated waters. The natural organic material introduced with the moringa coagulant may act as a nutrient source, encouraging the growth of various bacteria species. One would assume that the more moringa that is added, the higher the organics content would become, leading to more bacterial re-growth. This expectation is not observed in Figure 7 , as Jar 2 -with only 50 mg L À1 of moringa -seems to result in more re-growth than either Jars 3 or 4, which both received more moringa. However, Figure 7 presents only a single replicate experiment, so the When examining the data aggregated from all eight replicate experiments, however, the expected trend can be seen visually on the graph, but is not statistically significant. The enrichment of the water with organics following moringa addition may explain why Jar 4, having received the greatest dose of moringa, displayed the apparent but statistically insignificant bacterial re-growth in Figure 6 
CONCLUSIONS
SODIS has been advocated as a simple, low-cost and effective means of improving the microbiological quality of water and has several benefits over household chlorination. However, like chlorination, its effectiveness is limited when waters are turbid and, as such, pre-treatments to control turbidity may be necessary. The present study sought to examine two low-cost, appropriate pre-treatment methods:
sari-cloth filtration and/or coagulation with desiccated seed powder of M. oleifera. Pre-treatment combining optimal moringa coagulation and sari-cloth filtration significantly improved the turbidity of raw surface water compared to controls, as did either pre-treatment alone compared to controls. More importantly, however, combining optimal moringa coagulation with sari-cloth filtration significantly improved the turbidity reduction that either sari-cloth filtration or optimal moringa coagulation could achieve independently. The addition of moringa seed powder also appeared to increase organic levels (as measured by COD) in treated water, with greater doses of moringa resulting in higher COD levels. Similarly, reductions in microbiological contamination (as measured by MPN/100 mL) to between 10 and 27% of influent levels were observed for all jars subject to pre-treatment; however, due to considerable variability in the data, this apparent improvement was not found to be statistically significant when compared to controls. It was observed, however, that jars also undergoing moringa coagulation did not outperform those undergoing saricloth filtration alone with respect to MPN levels. Nutrient enrichment may have resulted in coliform bacteria regrowth following coagulation with moringa, which was observed in several replicate trials, though was not found to be statistically significant in the aggregated data. The possible re-growth of total coliform bacteria may be associated with elevated COD levels, as greater re-growth appeared to be associated with higher doses of moringa coagulant, though this also could not be confirmed statistically. Further investigation on the relationship between organic content and microbiological re-growth in treated water is required before moringa coagulation can be recommended as a pretreatment for SODIS in the field.
Overall, the combined pre-treatment of moringa coagulation and sari-cloth filtration was the most effective at reducing turbidity. However, the moringa coagulation step adds significant complexity to the treatment process and increases the time, effort and materials required on the part of the household. Training illiterate or semi-literate households to carry out moringa coagulation and then ensuring compliance may prove challenging. On the other hand, sari-cloth filtration alone produced a significant reduction in turbidity with respect to controls. It is a simple technique that is already widely available and practised in the Indian context. Since sari-cloth filtration alone did not increase COD levels nor exhibit associated bacterial re-growth, it is recommended as a low cost, easy-to-use and readily available pre-treatment for SODIS.
